The components supporting autophagosome growth on the cup-like isolation membrane are likely to be different from those found on closed and maturing autophagosomes. The highly curved rim of the cup may serve as a functionally required surface for transiently associated components of the early acting autophagic machinery. Here we demonstrate that the E2-like enzyme, Atg3, facilitates LC3/GABARAP lipidation only on membranes exhibiting local lipid-packing defects. This activity requires an amino-terminal amphipathic helix similar to motifs found on proteins targeting highly curved intracellular membranes. By tuning the hydrophobicity of this motif, we can promote or inhibit lipidation in vitro and in rescue experiments in Atg3-knockout cells, implying a physiologic role for this stress detection. The need for extensive lipid-packing defects suggests that Atg3 is designed to work at highly curved membranes, perhaps including the limiting edge of the growing phagophore.
The macroautophagy degradative pathway delivers material into the lysosome through the formation of the autophagosome, a doublemembraned vesicle that encapsulates portions of cytoplasm. During autophagosome growth, more than 30 unique proteins associate with the autophagosomal membrane in a temporally defined manner 1 . Among the final autophagosome-specific proteins to bind the organelle is the Atg8 family of ubiquitin-like proteins, which in mammals consists of the LC3 and GABARAP subfamilies. Atg8/LC3 membrane association is mediated by the covalent attachment of Atg8/LC3 to phosphatidylethanolamine (PE) 2, 3 . The resulting lipidated protein then drives autophagosome maturation steps including cargo capture, growth and closure of the organelle 4,5 , and lysosome targeting or recognition (reviewed in ref. 6) .
When lipidation is compromised by knockout or mutation of upstream factors, autophagosome maturation is largely aborted 7, 8 (see also lipidation-independent autophagy 9 ) and curved cup-like intermediates termed isolation membranes accumulate 10 . Electron tomography reveals that the ends of these cups are probably highly curved; the membranes on either side of the cisterna are within a few nanometres of one another and thus the curvature approximates something smaller than a 25 nm vesicle 11 . As isolation membranes accumulate specifically when lipidation is blocked, we have begun to explore whether the strident curvature associated with this structure plays a role in the lipidation reaction.
Here we demonstrate that LC3/GABARAP lipidation requires local membrane stress associated with lipid-packing defects as occurs with high molar proportions of conical lipids or strident membrane curvature. This stress is sensed by the lipidation enzyme Atg3. A major component of the sensing motif is an N-terminal amphipathic helix with an amino-acid organization distinct from helices on other curvature-sensing proteins, including the early autophagy factor Barkor 12, 13 . This sensing allows LC3/GABARAP lipidation to proceed efficiently even on membranes of simple lipid composition and low densities of the lipidation substrate PE, provided the underlying membrane exhibits sufficient curvature. In short, the lipidation machinery is engineered to work best on membrane structures analogous to the strongly deformed rim of the growing autophagosome 14 .
RESULTS

Reconstitution of the lipidation reaction
Covalent attachment of PE to Atg8 is mediated by a ubiquitin-like chain of enzymatic steps involving the E1-like Atg7 and the E2-like Atg3 (Fig. 1a ). These reactions can be reconstituted in vitro with recombinant enzymes, synthetic liposomes and ATP (ref. 15 ). To explore the effects of membrane lipid composition and structure on the efficiency of these reactions, we reconstituted the lipidation of the mammalian Atg8 proteins, LC3B, GABARAP-L1 (GL1 also called GEC1 or Atg8L) and GABARAP-L2 (GL2 also called GATE-16) as described previously [16] [17] [18] . In each case, lipidation requires Atg3, Atg7, lipid and ATP and results in a gel-shift of the Atg8 homologue to a faster mobility ( Fig. 1b ). We also resolve several intermediates in the reaction. Ordinarily, LC3/GABARAP becomes covalently associated with Atg7 and then Atg3 through thioester bonds before being transferred onto PE. In mixtures missing one or more components, the reaction aborts prematurely, and trace amounts of these labile protein complexes accumulate 16, 19 (Fig. 1b ). Our gel conditions also resolve an additional intermediate that is probably the activated adenylate of LC3/GABARAP, previously detected only by mass spectrometry 20 . Its formation requires ATP and Atg7, but not Atg3 or liposomes, it forms faster than the fully lipidated product and is eventually completely consumed ( Supplementary Fig. 1 ). Thus, we can detect the production of each intermediate and the fully lipidated product.
LC3/GABARAP lipidation is sensitive to membrane curvature
Lipidation is much more efficient on liposomes in which DOPE constitutes a high molar percentage of the phospholipid pool (for example, refs 15,16,21; Fig. 1c,d ). As PE is the lipidation target, this could suggest that one or more components of the reaction have a low affinity for PE. However, the efficiency of the reaction drops precipitously from 55 mol% DOPE to 30 mol% DOPE, suggesting that simple affinity for individual phospholipids is not the sole determinant. Alternatively, the high density of DOPE could alter the membrane architecture and thereby influence the reaction. To this end, it is notable that DOPE is a cone-shaped lipid. When cones are packed at high density into planar twodimensional arrays, local defects and/or membrane stress develop [22] [23] [24] [25] The spontaneous curvature in a lipid monolayer scales qualitatively with the idealized shape of the lipid 48 where the idealized volume can be approximated as a cylinder (PC) or a cone (PE). When membrane curvature deviates significantly from the molecular spontaneous radius of curvature for an individual lipid, packing defects arise 24, 25 forcing lipids to adopt sub-optimal configurations, producing local monolayer stress 22 .
Resolution of the local stress associated with these incompatibilities can include changes in lipid structure, a reorganization of lipid composition or the insertion of non-lipidic molecules including proteins. (b) Filling the defects with inverted cone-shaped lipids inhibits lipidation. In vitro coupling reactions of GL1 were run on sonicated liposomes containing 30 mol% DOPE (2 mM total lipid) as in Fig ( Fig. 2a ). To investigate whether these lipid-packing constraints are important during lipidation, we used two approaches to modify the lipid composition. First, we 'fill-the-gaps' by introducing semisoluble inverted cone-shaped lipids. With 30 mol%-DOPE sonicated liposomes, 80% or more of the GL1 is converted to GL1-PE ( Fig. 2b) . When the reaction is titrated with stearoyl-CoA, a single acyl-chain derivative of coenzyme A with a molecular volume that approximates an inverted cone, lipidation efficiency falls off. At high stearoyl-CoA concentrations, lipidation is very nearly abolished. Alternatively, we can alter the shape of PE itself to favour planar assemblies 26 and thus limit the local stress. Here we replaced the unsaturated 18 carbon acyl chains of DOPE with fully saturated 16 or 18 carbon acyl chains (DPPE and DSPE, respectively), such that the lipids have a cylindrical rather than conical molecular volume, while keeping the total surface density of reactive PE headgroups the same (Fig. 2c ). On extruded liposomes, the lipidation reaction is completely inhibited when either of the cylindrical lipid forms of PE is used despite the high local concentration of substrate head groups. Thus, the membrane environment is an important regulator of protein lipidation.
In contrast, cylindrical PE remains reactive when liposomes are prepared by sonication rather than extrusion ( Fig. 2c ). Sonication produces small liposomes near their curvature limit. The packing of lipids onto a stridently convex membrane is more susceptible to lipid packing defects ( Fig. 3a ). To examine whether the lipidation reaction efficiency varies with the curvature of the underlying membrane, we generated liposomes of different diameters by extrusion through membranes of different pore sizes 27 . Smaller liposomes have a more highly curved surface than larger liposomes (Supplementary Table 1 ). As before, GL1 is completely converted to the lipidated form when liposomes having 55 mol% DOPE are used ( Fig. 3b top panel) . Further, because of the high density of cone-shaped lipids, conversion is independent of the size of the liposome. In contrast, when the molar percentage of DOPE is lowered to 30%, lipidation becomes strongly dependent on the curvature of the membrane. Under these conditions, liposomes extruded through 800 nm filters are incompatible with lipidation whereas 50 nm liposomes are nearly as efficient as the high-DOPE samples.
The inherent lipidation efficiencies of GL2 and LC3B are much lower than for GL1. Thus, lipidation of these two homologues is Fig. 1 , except that liposomes were made by extrusion through membranes with different pore diameters (as indicated). Actual diameters of these liposomes were determined by dynamic light scattering (Supplementary Table 1 ). Top: the lipidation of GL1, GL2 and LC3 proceeds efficiently and with relatively little curvature dependence on liposomes composed of 55% PE. However, when the PE is reduced to 30%, flat liposomes are no longer suitable for lipidation, while highly curved liposomes (100 nm diameter or less) continue to couple effectively. Bottom: to confirm that this curvature dependence reveals the lipidated product and not the intermediate, the 30% reactions were each run on Nycodenz flotation gradients. Only the lipidated product is recovered at the top of the gradient. already weakly dependent on curvature even at high DOPE. On liposomes with more physiological DOPE concentrations, GL2-PE and LC3-PE formation seems to be almost completely limited to highly curved surfaces ( Fig. 3b top panel) . However, the bands of the reaction intermediate and the lipidated product are too close to allow quantitative analysis of the reaction. To circumvent this, we subjected the finished reaction to Nycodenz density flotation (as in ref. 18 ). This additional step revealed a sharp sensitivity of all lipidation reactions to liposome size ( Fig. 3b bottom panel) .
GL1 coupling is strongly PE concentration dependent when molecularly flat liposomes are used ( Fig. 3c top panel, squares). However, when these same liposomes are sonicated to produce high surface curvatures, coupling is maximal at as little as 5 mol% DOPE ( Fig. 3c top panel, circles). LC3B coupling is markedly less efficient ( Fig. 3c bottom panel) . On flat membranes, there is almost no lipidation until the PE surface density exceeds 40 mol% ( Fig. 3c bottom panel, squares), whereas LC3B lipidation approaches its maximum efficiency at as little as 15 mol% PE when those liposomes are sonicated (circles). Thus, lipidation efficiency is sensitive to curvature stress and lipid-dependent packing defects. This suggests the involvement of a mechanism that is influenced by both, but in principle the two alterations to membrane structure could influence the reaction in different ways. In either case, these data imply that a uniquely high density of PE is unnecessary on the growing autophagosome provided regions of high curvature are available to support the biochemistry.
Atg3 is a membrane-curvature sensor
In samples containing flat membranes or lacking liposomes altogether, both the Atg3-GL1 adduct and the adenylated form of GL1 are still formed (Fig. 4a ). Thus, the transfer from Atg3 to PE is the membranecurvature sensitive step, and Atg3 is probably a component of the curvature sensor. To determine whether Atg3 binds membranes in a curvature-dependent manner, we mixed Atg3 with liposomes of different diameters and subjected the mixtures to a non-equilibrium binding assay using density gradient flotation. As with lipidation, Atg3 membrane association is curvature insensitive when the surface Sonicated
No density of DOPE is exceptionally high (Fig. 4b,c ), but is strongly curvature dependent when DOPE is reduced to 30 mol%. Even liposomes lacking any PE can support Atg3 binding if the curvature is sufficiently strident, indicating that Atg3 harbours a curvaturesensitive membrane-binding motif that is independent of any direct interaction with PE.
Atg3 targets curved membranes through an amphipathic helix
There are two main paradigms for sensing curvature 28 . BAR domains rely on membrane curvature itself (the organization of the headgroups into a non-planar assembly), while amphipathic helices recognize and insert into bilayers exhibiting packing defects as on curved surfaces. Our results in Figs 2 and 3 suggest that Atg3 acts through membrane insertion, consistent with an amphipathic helixdriven curvature sensor. According to the hydrophobicity-and helixpredicting program Heliquest 29 , the first 26 amino acids of Atg3 present a high hydrophobic moment (0.398), consistent with an amphipathic distribution of amino acids around a helix. This putative helix includes a hydrophobic face composed of small hydrophobic residues such as valine and leucine ( Fig. 5a ), bordered on either side by a cationic lysine, probably demarcating the surface of the bilayer. The opposite face is replete with small polar and anionic amino acids. The lack of strongly hydrophobic amino acids in the presumed bilayerattachment face suggests that this sequence will only weakly partition into stable bilayers, but may interact more strongly with membranes having defects. This distribution is the hallmark for a curvature sensor.
To determine whether this helix contributes to curvature sensing, we generated putative loss-of-function mutants in the hydrophobic face and membrane-delimiting lysines and tested these mutants in lipidation reactions (Fig. 5b Coomassie gel and bar graph). The mutants fall into three classes ( Supplementary Fig. 2 ). Introduction of charged residues into the core of the hydrophobic face destroys the amphipathic character and eliminates lipidation activity (V8D, V15K, L19K). Introduction of lysines near the edges of the hydrophobic face reduces the amount of hydrophobic surface area available to partition into a bilayer (V4K, I5K), making these proteins more reliant on membrane defects for efficient lipidation. Flipping the charge on a membrane-delimiting lysine from cationic to anionic eliminates lipidation (K9D or K11D). Importantly, each mutant can still form the Atg3-GRL1 intermediate (Fig. 5b, western blot) , demonstrating that the amphipathic face of the helix is involved only in membrane recognition.
Helices targeting unique curvatures occupy a narrow range of membrane-partitioning energies. While reducing hydrophobicity abrogates membrane binding, marginal increases in hydrophobicity will necessarily reduce or eliminate the curvature-sensing quality of such a helix. To explore this possibility, we mutated the membranedelimiting lysine at position Lys 11 to leucine. This extends the hydrophobic face to include both the new Leu 11 residue and the neighbouring very hydrophobic Tyr 18 (Fig. 5a ). With stronger hydrophobicity, this helix requires fewer defects for membrane partitioning and thus Atg3(K11L) already functions well on 400 nm (b) Analysis of reaction efficiency for point mutants of the amphipathic helix. GL1 lipidation reactions were run on 400 nm and sonicated liposomes (30 mol% DOPE) with the indicated Atg3 mutants. The extent of GL1-PE formation (top gel) was determined from densitometry and is plotted as percentage of total GL1 (bar graph). The ability to form the Atg3-GL1 conjugate was also assessed for each mutant (bottom immunoblot). Note that this conjugate forms in every case, indicating that no mutant inhibited a step upstream in the reaction. Further, this conjugate specifically accumulates in reactions where lipidation is impaired. In both panels, the samples were prepared at the same time from the same materials and run simultaneously on multiple gels, as indicated by the lines. (c) Curvature dependence of K11L mutant binding to liposomes compared with wild-type Atg3. The binding reaction was performed as in Fig. 4b Supplementary Fig. 7 . surfaces (Fig. 5b,c) . Furthermore, we can modulate the curvature sensitivity by replacing Lys 11 with increasingly hydrophobic amino acids (valine, leucine and tryptophan; Fig. 5d ). Thus, the aminoterminal 26 amino acids ordinarily function as a weak amphipathic helix to dictate membrane curvature sensing and are tunable by subtle modifications of the sequence.
In the absence of Atg3, autophagosome formation aborts at the isolation membrane owing to a failure in LC3/GABARAP lipidation 7 . Thus, in mouse embryonic fibroblasts (MEFs) derived from Atg3-knockout (Atg3 −/− ) mice, lipidated LC3 cannot be detected by immunoblot analysis or immunofluorescence. In addition, Atg16-positive isolation membranes accumulate even under basal (unstarved) conditions. These phenotypes are reversible by reintroduction of wild-type Atg3 (ref. 7) . To establish whether the curvature-sensing motif in Atg3 is required in vivo, we performed rescue experiments in which Atg3 −/− MEFs were transduced with wild-type Atg3 (WT) or with each Atg3 variant tested in vitro.
Although similar viral titres were used, Atg3 protein expression levels differed for different mutations ( Supplementary Fig. 3 and Fig. 6a ). Atg3 I5K and K11D failed to express despite secondary attempts at transient overexpression, and thus only the remaining nine mutants were analysed for their behaviour in vivo. Consistent with results obtained in vitro, all mutants that support lipidation on liposomes ( Fig. 5 ) rescued lipidation in vivo (Fig. 6a ). LC3 and GL2 lipidation GR-I GR-II Atg3 *
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Atg3 Uncropped versions of all gels are included in Supplementary Fig. 7 .
was robust on introduction of Atg3 WT, V4K, K11L, K11R, K11V and K11W. GABARAP lipidation was also rescued by active Atg3 mutants, but was detectable only following lysosomal inhibition as reported previously 30 . LC3-II levels were further increased on treatment of cells with bafilomycin A1 ( Supplementary Fig. 3) , indicating that the lipidated LC3 is being targeted to and digested in the lysosome consistent with the formation and maturation of an autophagosome. Introduction of lipidation-competent mutants also promoted the formation of LC3-positive immunofluorescent puncta to wild-type levels, while other mutants were without effect (Fig. 6b,c) . Under basal conditions, Atg3 −/− cells accumulate Atg16L-positive isolation membrane structures while Atg3 +/+ cells have very few 7 . As previously described 7 , reintroduction of Atg3 WT into knockout cells fully rescues the Atg16L phenotype, returning puncta levels to numbers similar to wild-type cells. Surprisingly, reintroduction of all Atg3 mutants leads to at least some rescue of the knockout phenotype (Fig. 6d ). Lipidation-competent mutants reduced Atg16L puncta to levels indistinguishable from rescue with wild-type protein expression, indicative of a full rescue response. Lipidation-incompetent mutants however also support a partial rescue, as evidenced by Atg16L puncta numbers well below the vector backbone control but consistently higher than Atg3 WT levels. Other than puncta number, no change in puncta structure or intensity is observed, suggesting that this partial rescue is related to a reduction in the steady-state level of Atg16membrane structures ( Supplementary Fig. 4 ). Importantly, there is no significant variation amongst samples when autophagy is stimulated by starvation, indicating that expression of the Atg3 mutants has not caused a general suppression of the early steps in autophagosome formation ( Supplementary Figs 4 and 5) .
Atg16L is part of a complex including Atg5 and Atg12 that together function as a putative E3 ligase to facilitate Atg3 lipidation activity [31] [32] [33] , perhaps in part by recruiting Atg3 to membranes. For example, Atg16L is ordinarily found on the isolation membrane, but when its localization is artificially switched to ectopic sites such as the plasma membrane, Atg3-mediated lipidation is also switched to this new site 34 . To examine how Atg3 helix mutants function without Atg16/Atg5-Atg12-mediated membrane targeting, we introduced several Atg3 mutants into Atg5-knockout MEFs (ref. 35 ). These cells are incapable of LC3 lipidation, but the phenotype is reversible when wild-type Atg5 is reintroduced 36 . In contrast, no Atg3 mutants could support lipidation in Atg5 nulls, including those that were most effective in vitro, K11W and K11L ( Supplementary  Fig. 6 ). Thus, in vivo, Atg3 activity still requires a functional E3-like ligase and the increased membrane affinity of Atg3 mutants such as K11W does not promote Atg5-independent lipidation within the cell. Indeed, Atg16/Atg5-Atg12 probably includes functions beyond membrane targeting, directly activating Atg3 by reconfiguring the active site of Atg3 (ref. 32) . Atg3 may also regulate Atg16/Atg5-Atg12 function as expression levels of Atg5 are sensitive to Atg3 levels 7 , Atg3 and cargo molecules compete with Atg16/Atg5-Atg12 for access to Atg8-PE (ref. 37 ) and soluble Atg3/Atg16L1/Atg5-12 assemblies are detectable in overexpression experiments (for example, Supplementary Fig. 6 ). Unravelling how Atg3 mutants might influence Atg5 function and intracellular localization will be an important future direction.
DISCUSSION
A curvature-sensing function for Atg3 is consistent with several studies. First, the high proportion of cone-shaped lipids required to lipidate LC3 in vitro 16 implies a general advantage for the lipidation machinery on membranes with significant exposure to the hydrophobic core as would be expected at local areas of high curvature 13 . As high concentrations of cone-shaped lipids are also needed in vitro for yeast and plant autophagy proteins, we expect that this mode of membrane recognition is a general feature of macroautophagy 15, 38 . Second, the first seven amino acids of yeast Atg3 are already implicated in lipid binding and show preference for PEenriched membranes 39 . How this PE sensing is accomplished was not determined, but we would now suggest that it arises from the participation of these amino acids in a hydrophobicity-or curvaturesensing amphipathic helix.
Amphipathic helices rely on combinations of hydrophobic interactions with the membrane interior and electrostatic interactions with the polar lipid headgroups. When either of these interactions is strong, membrane binding is efficient. However, at intermediate affinities, binding becomes dependent on membrane defects such as those arising from highly curved surfaces. As the membrane charge density is higher for membranes late in the secretory cascade or at the plasma membrane, a strong dependence on electrostatics suggests a plasma-membrane-directed role for curvature-sensing amphipathic helices, as has been observed for α-synuclein 40 . In contrast, helices with low charge density are more often associated with highly curved ER or Golgi membranes. These include proteins that harbour an ALPS motif such as ArfGAP1 (refs 13,41) , and the early autophagosome protein Barkor 12 . The amino-terminal helix of Atg3 has a charge density of zero and a mildly hydrophobic membrane interaction face, akin to many examples of ALPS domains, but it relies on charged residues positioned at the water-lipid interface, and thus this helix has characteristics of both classes of curvature-sensing motifs. This in-between helical structure may indicate that Atg3 is designed to function at membranes that are compositionally distinct from Barkor targets, either because Atg3 acts later and therefore on a more mature autophagosomal membrane or because Atg3 is also needed at other sites including some membranes with a decidedly more plasma membrane/endocytic composition as occurs in LC3-associated phagocytosis 42 .
There are many potential sites of membrane curvature in autophagy to which Atg3 may be targeted. Unfortunately, we have thus far been unable to visualize Atg3 on membranes in MEFs. Previous studies on proteins harbouring an ALPS domain demonstrated that curvature sensing becomes robust only when the membrane radius of curvature is less than 50 nm (ref. 13). Atg3 is similar, with marked improvements in lipidation efficiency even as the liposome diameter changes from 50 nm extruded liposomes to sonicated liposomes. From combinations of dynamic light scattering and cryo-electron microscopy we know that the 50 nm extrusion process actually produces liposomes of around 90 nm in diameter while sonicated samples are smaller (Supplementary Table 1 ), suggesting that both Atg3 binding and LC3/GABARAP lipidation are most efficient on very small liposomes. Intriguingly, tomography of stalled omegasomes, sites of autophagosome initiation in mammals, implies that the leading edge of a growing autophagosome exhibits a very strident curvature 11 .
In individual micrographs of the omegasome, the two bilayers of the autophagosomal membrane are often not resolvable, indicating that the distance across the lumen of these growing structures may be as little as 10 nm. These structures accumulate specifically under conditions where LC3 lipidation is inhibited, including in Atg3-knockout cells, and are thus a likely cellular target for Atg3. By targeting short-lived curved membranes, the cell could achieve both spatial and temporal specificity in the lipidation reaction. Spatially, LC3 or GABARAP would be present at the leading edge of the autophagosome and thus be enriched at sites of cargo encapsulation or autophagosome closure, two activities these proteins are proposed to control 6 . Temporally, Atg3 would target growing isolation membranes that carry a highly curved rim, but not fully formed closed autophagosomes. As Atg8 proteins must be removed from the outer membrane before the final maturation of the organelle 43 , continued lipidation on the autophagosome itself would be non-productive. Likewise, this mechanism would limit the nonspecific coupling of LC3 to other membranes that do not exhibit the same strident curvature, complementing Atg4-mediated delipidation at non-autophagosomal membranes 44 , to promote general fidelity in the LC3-lipidation system. More broadly, Atg3 is just one of several autophagy proteins targeting the growing isolation membrane. Many of these proteins (but probably not all; for example, see ref. 45 ) are released from the autophagosome shortly after or concurrent with its maturation to a closed vesicle 46 . Thus, perhaps many proteins in the pathway will share a preference for curved bilayers analogous to the behaviours of Atg3 (described here) and Barkor 12 and suggested to be essential for Atg17 (ref. 47) .
METHODS
Methods and any associated references are available in the online version of the paper. and the various mammalian homologues of Atg8 (human GABARAP L1, human GABARAP L2 and rat LC3B) were prepared as previously described 50, 51 . Note, each Atg8 homologue was expressed in a truncated form ending in the reactive COOHterminal glycine such that no Atg4-mediated pre-processing was necessary.
Atg3 mutagenesis. A mouse Atg3 construct in the pGEX-6P-2 backbone plasmid was mutagenized to generate V4K, I5K, V8D, K9D, K11L, K11V, K11W, V15K, L19K and K9L using the Quik Change II Site-Directed Mutagenesis Kit (Agilent Technologies) and verified by sequencing. Each mutant protein was expressed and purified as previously described for wild-type Atg3.
Liposome preparation. Liposomes were prepared as previously described 52, 53 and all lipids were purchased from Avanti. Briefly, lipids (1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), L-α-phosphatidylinositol from bovine liver (bl-PI), 1,2-dioleoylsn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B ph) (DOPE-rh), 1,2-dioctadecanoyl-sn-glycero-3-phosphoethanolamine (DSPE) and 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DPPE) were dissolved in chloroform in indicated ratios and dried to a film under nitrogen gas. The mixed lipids were resuspended in SNH buffer (50 mM Tris, at pH 8, 100 mM NaCl and 1 mM MgCl 2 ) to 10-30 mM and subjected to 7 freeze-thaw cycles. Resuspended lipids were extruded through two polycarbonate membranes (Whatman) of different pore size (30, 50, 100, 200 , 400 and 800 nm) using the LipSoFast-Basic extruder (Avestin) at room temperature and stored on ice at 4 • C. Lipid mixtures containing high-transitiontemperature phospholipids (DPPE or DSPE) were extruded at high temperature (65-80 • C) using the Avanti mini extruder. Sonicated liposomes were obtained by sonicating 400 nm extruded liposomes with the Virsonic 600 (VirTis) microtip sonicator (60 cycles of 1 s on, 1 s off) on ice.
Dynamic light scattering. The hydrodynamic radius of the extruded and sonicated liposomes was measured using the Dyna Pro Titan dynamic light scattering instrument (Wyatt Technology Group) and analysed using the accompanying Dynamics V6 software (ver. 6.7.3).
In vitro lipidation reaction. In vitro lipidation reactions were performed as described previously [50] [51] [52] . Purified Atg7 (1.5 µM), Atg3 (2.5 µM) and LC3 or its homologues (8-12 µM) were mixed with liposomes (2 mM total lipid) in the presence of 1 mM dithiothreitol and 1 mM ATP in SNH buffer and incubated at 30 • C for 90 min. The reaction was stopped by 4× SDS-PAGE sample buffer and boiled at 90 • C for 5 min. Electrophoresis was performed in precast 10 or 12% bis-Tris gels (Novex) running in 1× MES SDS Running Buffer (NuPage, Invitrogen). The lipidated protein was visualized with Coomassie blue stain as per the manufacturer's instruction (Imperial Protein Stain, Thermo Scientific).
Flotation assay. Nycodenz liposome flotation was performed essentially as described previously 50, 53 . Briefly, lipidation reaction products were adjusted to 40% Nycodenz by mixing with 100% (w/v) Nycodenz in SNH buffer. Nycodenz gradients were assembled in Beckmann 5 × 41 mm ultraclear ultracentrifuge tubes with 300 µl of reaction mixture in 40% Nycodenz at the bottom, followed by a 250 µl middle layer of 30% Nycodenz and a 50 µl top layer of 0% Nycodenz, each prepared in SNH Buffer. Each tube was subjected to centrifugation at 200,000g in an sw55Ti rotor (Beckman) for 4 h. The liposomes and lipidated proteins were collected from the top 75 µl of the gradient. All liposomes used for flotation experiments also contained trace amounts (0.15%) of fluorescent DOPE-rh to quantify total liposome recovery from the gradient. Lipid recovery was determined by measuring the fluorescence of the reaction mixture before (total reaction) and after (collected fraction) flotation in the presence of n-dodecyl β-D maltoside using the SpectraMax M5 Multi-Mode Microplate Reader (Molecular Devices) operating at 30 • C.
In vitro Atg3 binding reaction. Wild-type or mutant Atg3 (10 µM) was incubated at 30 • C for 90 min with liposomes containing 0, 30 or 55 mol% DOPE (5 mM total lipid) of varying sizes. The sample was subjected to flotation to separate unbound protein from liposomes, followed by SDS-PAGE. Total Atg3 binding was estimated from densitometry of Coomassie-stained gels and normalized against total lipid recovery determined by fluorescence.
Gel quantification. Band intensities on SDS-PAGE were quantified using ImageJ software as described previously for Atg8 in vitro lipidation 51 .
Cell culture. Wild-type and Atg3-null mouse embryonic fibroblasts (MEFs, kind gift from M. Komatsu, Tokyo Metropolitan Organization for Medical Research, Japan) were propagated in DMEM complemented with amino acids, penicillin/streptomycin and with 10% fetal calf serum (FCS) under 5% CO 2 . Transient and stable expression in MEFs was performed using lentiviral transduction. Unless otherwise noted, starvation was performed for 2 h in EBSS after three washes in PBS. Bafilomycin A1 (Sigma Aldrich) was used at 100 nM for 2 h.
Ex vivo expression of Atg3 mutants.
Wild-type or mutant mouse Atg3 was subcloned into the lentiviral transfer vector pLVXpuro (Clontech). Lentiviral packaging (psPAX2) and envelope (pMD2.G) plasmids, obtained from Addgene, were used for lentivirus production in HEK293FT cells (Invitrogen). Briefly, HEK293FT cells in 6-well plates at 90% confluence were co-transfected with 2 µg pLVXpuro Atg3, 1 µg pMD2.G and 1.5 µg psPAX2 plasmids using Lipofectamine 2000 (Invitrogen). Medium was replaced the following day, and on the third day of transfection, medium was centrifuged at 600g for 5 min to remove cellular debris. Viruses present in the supernatant were ten times enriched using the Lenti-X concentrator reagent (Clontech) following the manufacturer's instructions. For transduction, Atg3 −/− MEFs at 30% confluence were washed twice with fresh medium, and then incubated with 500µl medium plus 100µl viral solution and 6 µgm 1 Polybrene. The following day, medium was replaced with new medium without Polybrene. Cells were then left to express the transgene for one more day (transient) or selected with 4 µg ml 1 puromycin for 1-2 days (stable).
Immunofluorescence and microscopy.
Stably transduced cells were incubated 3-5 h in medium lacking puromycin, followed by 2 h in medium or EBSS (starvation medium). Unstarved cells were washed once with PBS, and then all cells were fixed at −20 • C in methanol for 5 min. Cells were then washed three times with PBS, and blocked 1 h in 5% BSA dissolved in PBS containing 0.1% Triton X (PBX). Cells were stained sequentially with mouse anti-LC3 (NanoTools, clone 2G6, 1:500, 1.5 h, room temperature), Alexa Fluor 594 goat anti-mouse (Invitrogen, 1:500, 1 h, room temperature), anti-Atg16L (CosmoBio, 1:1,200, overnight, 4 • C), Alexa Fluor 488 goat anti-rabbit (Invitrogen, 1:500, 1 h, room temperature). Antibody incubations were done in 5% BSA/PBX, interspersed with three 5-min washes in PBX. Coverslips were mounted in Fluoromount G (Southern Biotech) after three 5-min incubations in PBX after the last antibody step.
Image analysis.
To identify and quantify Atg16L puncta, we performed an initial background subtraction: a Gaussian blur was applied to each image and subtracted from the original image. Foci were identified in the resulting image using the IdentifyPrimaryObjects tool in Cell Profiler, which was set to select objects between 3 and 20 pixels in diameter. Background was automatically calculated by the RobustBackground Global thresholding method, with the lower and upper thresholds set to 0.175 and 1.0, respectively, and with a correction factor set to six. These parameters were chosen because they best mimicked foci identified by eye in a set of representative images. Images in which debris was misattributed as puncta were excluded. For each Atg3 variant, we quantified between 7 and 14 images containing 5 to 20 cells per image.
Immunoblotting. For in vitro reactions, samples were run on SDS-PAGE and transferred onto PVDF membrane, blocked with 5% BSA and probed with 1:6,000 anti-Atg3 antibody (Sigma) in 2.5% BSA. For MEFs, cell lysis was performed by incubating cells in a buffer containing 40 mM HEPES at pH 7.4, 120 mM NaCl and 1% Triton TX100 with the Complete phosphatase inhibitor cocktail (Halt phosphatase, Pierce) and the Complete protease inhibitor cocktail (Roche) for 10 min on ice. Lysates were then cleared at 20,000g for 10 min. The supernatant was assayed for protein concentration using the Bradford assay (Biorad) and samples were normalized accordingly. SDS-PAGE and immunoblotting was performed as previously described 54 . The antibodies used were anti-LC3 (1:200, NanoTools clone 2G6) and anti-Atg3 (1:1,000, Sigma Aldrich number A3231). HRPconjugated anti-mouse (NA931) and anti-rabbit (NA934) secondary antibodies were from Amersham.
Statistics. P values were determined from 2-tailed unpaired t-tests and all values below 0.1 are indicated on figures. In addition, values below 0.05 or 0.01 are also noted. N numbers of individual experiments are generally noted in the legends of the figure, where the n number did not vary significantly across samples. However, cell numbers used for image analysis did vary significantly and those n numbers are summarized here.
For studies involving screening of samples for LC3 puncta by immunofluorescence microscopy, at least 22 cells were counted for each sample by hand ( Fig. 6c and Supplementary Fig. 4 bottom panel) . For each experiment, the average number of puncta per cell was determined ( Supplementary  Fig. 4 bottom panel) and the average of two-five experiments (n = 2-5) was determined for the final figure (Fig. 6c , error bars represent standard deviation and are shown for n = 3 or greater). The precise n value and number of cells per
